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An  orbiting  artificial  earth  satellite  whose  attitude 
in  space  is  controlled,  possesses  a  unique  capability  for  ac¬ 
quiring  scientific  data.  Satellite  attitude  stabilization 
also  provides  many  important  advantages  in  the  transmission 
of  telemeter  and  other  data  from  the  satellite  to  ground  re¬ 
ceiving  stations  as  well  as  improved  transmission  from  a 
ground  transmitting  station  to  the  satellite. 

One  system  for  attitude  stabilization  is  based  on 
aligning  a  satellite  axis  along  the  direction  of  the  earth's 
magnetic  field.  A  second  system  for  attitude  control  is 
based  on  aligning  a  satellite  axis  along  the  direction  of 
the  gradient  of  the  earth's  gravitational  field. 

The  Transit  IB  satellite  (1960  y2)  was  the  first 
space  vehicle  to  be  magnetically  oriented.  The  Transit  2A 
satellite  (1960  112),  launched  approximately  two  months  later, 
also  had  its  symmetry  axis  aligned  along  the  direction  of  the 
earth's  magnetic  field.  Data  received  from  each  of  these 
satellites  has  indicated  that  by  being  magnetically  stabi¬ 
lized,  correlation  could  be  made  between  solar  cell  perform¬ 
ance  and  angle  of  the  satellite  axis  with  respect  to  the 
earth-sun  line  Furthermore,  the  magnetic  attitude  stabi¬ 
lization  caused  the  satellite's  antenna  to  be  directed  down¬ 
ward  so  as  to  provide  a  favorable  orientation  for  the  receipt 
of  radio  transmission. 

A  research  satellite  currently  being  designed  under  the 
direction  of  Prof.  James  A.  Van  Allen,  of  the  State  Univer¬ 
sity  of  Iowa,  will  employ  magnetic  attitude  stabilization  to 
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determine  the  directional  properties  of  geomagnet lea lly 
trapped  radiation  It  is  felt  that  data  acquired  by  this 
magnetically  oriented  satellite  will  significantly  Increase 
our  basic  knowledge  concerning  the  origin  of  the  auroras. 

Gravity  orientation  of  a  satellite  provides  the  oppor¬ 
tunity  to  employ  a  directional  antenna  to  improve  signal-to- 
noise  ratio  of  radio  transmission  to  and  from  the  satellite. 
The  acquisition  of  data  from  a  satellite  containing  a  bril¬ 
liant,  flashing  light  can  be  greatly  facilitated  if  the 
satellite  is  magnetically  or  gravity  oriented  with  respect 
to  an  astronomical  observatory  on  the  earth's  surface. 

A  description  is  presented  of  methods  by  which  mag¬ 
netic  and  gravity  attitude  stabilization  systems  can  be 
established.  This  paper  also  discusses  how  attitude  con¬ 
trol  can  provide  better  functioning  of  solar  power  systems 
and  can  also  be  used  to  improve  the  satellite's  thermal 
balance . 
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MAGNETIC  AND  GRAVITY  ATTITUDE  STABILIZATION 
OF  EARTH  SATELLITES 


I.  INTRODUCTION 


Attitude  control  of  an  orbiting  earth  satellite  can  be 
defined  as  a  system  whereby  at  least  one  of  three  orthogonal 

• 

axes  defined  in  the  satellite  is  positioned  with  respect  to 
some  object  or  a  force  field.  The  principal  effort  on  satel¬ 
lite  attitude  control  has  been  concerned  with  three  particular 
systems:  magnetic,  gravity  gradient,  and  solar  attitude  stabi¬ 
lization.  Magnetic  attitude  stabilization  is  defined  as  the 
alignment  of  one  axis  of  the  satellite  along  the  local  direc¬ 
tion  of  the  earth's  magnetic  field.  Gravity  gradient  attitude 
stabilization  is  characterized  by  having  one  axis  of  the 
satellite  always  directed  toward  the  center  of  mass  of  the 
earth.  Solar  attitude  stabilization  is  characterized  by  having 
one  particular  face  of  the  satellite  always  directed  toward 
the  sun . 

Controlled  orientation  of  a  satellite  axis  along  the 
local  direction  of  the  earth's  magnetic  field  provides  several 
capabilities  that  are  not  achievable  with  a  randomly  oriented 
space  vehicle.  These  advantages  are  as  follows: 

1.  Control  of  the  electrical  power  generating 
capability  of  solar  cells  mounted  on  the  satellite. 

2.  Control  of  the  satellite's  thermal  balance. 

3.  Directional  control  of  satellite  receiving  or 
transmitting  antennas. 
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4.  The  capability  of  directing  a  narrow  beam, 
brilliant,  flashing  light  toward  an  observer  on 
the  ground  for  the  purpose  of  optical  tracking 
of  the  satellite. 

5.  The  ability  to  perform  scientific  experiments  to 
determine  the  directional  properties  of  charged 
particles  and  other  radiation  which  Is  present 
In  the  magnetic  and  gravitational  fields  of  the 
earth . 

6.  The  ability  to  use  rockets  fired  in  orbit  along 
an  accurately  known  direction  to  alter  the  orbit 
of  the  satellite. 


Gravity  gradient  attitude  stabilization  offers  all  the 
advantages  described  in  items  1  through  6  above.  In  some 
cases,  such  as  the  direction  of  antennas  and  flashing  lights 
toward  ground  receiving  stations,  gravity  oriented  satellites 
offer  some  advantages  that  are  not  as  easily  accomplished 
with  magnetic  attitude  control.  A  magnetically  oriented  satel¬ 
lite  offers  a  unique  advantage  for  determining  the  directional 
properties  of  particles  that  are  geomagnet lea lly  trapped  in 
the  earth's  Van  Allen  radiation  belts. 

Solar  attitude  stabilization  offers  the  obvious  advantage 
of  providing  optimum  use  of  solar  cells  for  the  generation  of 
electrical  power.  A  solar  oriented  satellite  will  produce  from 
four  to  five  times  as  much  power  per  solar  cell  as  compared 
with  a  randomly  oriented  satellite  whose  solar  cells  are 
equally  distributed  over  a  spherical  surface .  Only  magnetic 
and  gravity  gradient  attitude  stabilization  are  discussed  In 
this  paper . 
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II.  THE  MAGNETIC  AND  GRAVITATIONAL  FIELDS  OF  THE  EARTH 


In  order  to  analyze  the  motions  of  satellites  oriented 
In  the  earth's  magnetic  or  gravitational  fields  It  Is  neces¬ 
sary  to  understand  the  magnitude  and  direction  of  these 
fields  at  orbital  altitudes „  From  a  point  of  view  of  atti¬ 
tude  control,  the  earth's  magnetic  field  Is  by  far  the  more 
complex  both  In  magnitude  and  direction. 

To  a  first  approximation,  the  magnetic  field  of  the 
earth  is  distributed  as  if  there  were  a  short  (compared  to 
the  earth's  diameter)  bar  magnet  located  at  its  center. 

When  considering  magnetic  attitude  control  of  an  orbit¬ 
ing  satellite,  a  simplified  dipole  representation  of  the 
earth's  magnetic  field  is  sufficiently  accurate.  For  this 
representation,  the  local  horizontal,  (H^)  and  local  verti¬ 
cal,  (H  )  magnetic  field  components  are  given  by: 
z 

jj  Me  pos  y  (oersteds)  ,  (1) 

X 

e 

and  Hg  “  sin  g)  (oersteds)  ,  (2) 

r 

e 

where  M  -  Strength  of  the  earth's  magnetic 

€ 

dipole  (pole-cm) , 

CP  -  Magnetic  latitude  (degrees)  , 
and  r^  -  Distance  from  the  center  of  the  earth  (cm)  . 
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In  the  study  of  satellite  attitude  control,  H_  and  H 

X  z 

Individually  are  of  little  use.  What  is  needed  is  the  re¬ 
sultant  (H^)  of  and  and  the  angle  (p)  between  and 
the  earth's  spin  axis.  The  relations  between  H  ,  H  ,  H. , 
and  8  are  given  by: 


< 

(oersteds)  , 

(3) 

and  p  -  tan  ^ 

z 

H 

+  cp  (degrees)  , 

(4) 

L  xj 

Use  of  these  equations  is  based  upon  the 

simplifying 

assumption  that  the  magnetic  poles  are  coincident  with  the 
geographic  poles.  Figure  1  illustrates  the  total  inten¬ 
sity  of  the  earth's  magnetic  field  as  a  function  of  alti¬ 
tude  at  the  equator  and  at  the  geographic  pole .  Figure  2 
shows  the  total  magnetic  field  intensity  as  a  function  of 
latitude  at  an  orbital  altitude  of  450  nautical  miles. 

From  Figs.  1  and  2  it  can  be  seen  that  the  earth's  mag¬ 
netic  field  is  somewhat  greater  in  the  polar  region  than  it 
is  at  the  equator.  There  is* sufficient  field  strength  to 
obtain  a  significant  torque  when  a  strong  magnetic  dipole 
is  contained  in  the  satellite.  Also,  since  modern  mag?- 
netic  alloys  can  reach  maximum  permeabilities  at  field  in¬ 
tensities  as  low  as  0.005  oersted,  it  is  possible  to  obtain 
significant  magnetic  damping  effects  at  altitudes  even 
higher  than  4,000  nautical  miles  (which  is  the  highest  alti¬ 
tude  shown  in  Fig.  1. 

The  angle  p  that  the  satellite  makes  with  the  earth's 
spin  axis  is  shown  in  Fig.  3  as  a  function  of  magnetic 
latitude .  From  this  figure  we  see  that  there  are  very  large 
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Fig.  3  ANGLE  BETWEEN  THE  EARTH’S  MAGNETIC  FIELD  VECTOR  AND  THE 
EARTH’S  SPIN  AXIS  AS  A  FUNCTION  OF  LATITUDE 
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deviations  of  the  angle  ^  as  the  satellite  moves  from  one 
magnetic  pole  to  the  other. 

To  analyze  the  angular  motions  of  a  magnetically  oriented 
satellite  in  the  earth's  magnetic  field  we  will  use  the  reason¬ 
ably  accurate  assumption  that  at. the  altitude  of  an  orbiting 
satellite,  the  center  of  the  magnetic  dipole  field  Is  coinci¬ 
dent  with  the  center  of  mass  of  the  earth.  Using  this  model 
it  will  be  shown  that  particular  designs  for  magnetically 
oriented  satellites  will  result  in  aligning  the  satellite  along 
the  local  direction  of  the  earth's  magnetic  field.  Once  the 
dynamics  of  the  satellite  motion  are  analyzed,  a  more  accurate 
representation  of  the  earth's  magnetic  field  will  be  employed 
to  determine  the  position  of  the  satellite  relative  to  the 
earth  and  to  the  sun.  This  more  sophisticated  model  of  the 
earth's  magnetic  field  is  a  result  of  the  work  of  F.  T.  Heuring 
(Ref.  1)  and  is  based  on  a  magnetic  dipole  that  lies  along  the 
line  connecting  the  earth's  north  and  south  magnetic  poles. 

The  results  obtained  in  using  this  model  to  determine  the  atti¬ 
tude  of  the  satellite  relative  to  the  earth  and  relative  to  the 
sun  are  presented  in  another  section  of  this  report. 

For  the  purposes  of  attitude  control  the  gravitational 
field  of  the  earth  can  be  expressed  in  a  very  much  simpler 
manner  than  is  the  case  for  the  earth's  magnetic  field.  The 
direction  of  gravity  gradient  is  always  well  within  one  degree 
of  the  radius  vector  from  satellite  toward  the  center  of  mass 
of  the  earth  and  the  magnitude  of  gradient  (per  unit  mass)  is 
expressed  by: 


o  —  ^ 


All  references  begin  on  page  73. 
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where 


CO  ~  earth's  gravitational  potential 
(gm  cm^  sec”^), 

3  -1  -2 

G  »  gravitational  constant  (cm  gm  sec  ) , 
m  -  mass  of  the  earth  (gms) . 
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III.  THE  ORIENTATION  OF  SATELLITES 


Pamplng  of  Spin  and  Oscillatory  Motions 

Before  a  satellite  can  be  oriented  along  either  the 
earth's  magnetic  or  gravitational  field,  the  spin  of  the 
satellite  that  Is  usually  Imparted  during  the  launching  opera¬ 
tion  must  be  stopped.  This  is  a  result  of  the  fact  that  a 
spinning  satellite  acts  like  a  gyroscope  and  will  therefore  be 
spin  stabilized. 

The  removal  of  the  spin  energy  of  the  satellite  can  be 
accomplished  by  several  means.  One  method  that  has  been  used 
successfully  in  the  Transit  satellite  program  is  a  set  of 
weights  attached  to  the  satellite  by  means  of  long  cables 
wrapped  around  the  equator  of  the  satellite  (Ref.  2).  After 
a  prescribed  time  in  orbit  a  wire  connecting  two  weights 
which  are  located  diametrically  opposite  is  cut  and  the 
weights  are  allowed  to  fly  off,  unwinding  the  cables  as  they 
go.  When  the  cable  is  completely  unwound,  the  weights  and 
cable  fly  off  from  the  satellite.  By  proper  selection  of  the 
mass  of  the  weights  and  the  cable  length  the  spinning  of  the 
satellite  can  be  decreased  to  a  low  rate. 

Figure  4  is  a  photograph  of  the  Transit  IB  satellite 
showing  the  despin  weight  mounted  on  the  satellite's  equator. 

Another  method  for  spin  removal  is  based  on  the  use  of 
highly  permeable  rods  of  specially  prepared  magnetic  materials 
(Ref.  3).  This  means  of  spin  removal  depends  on  the  fact  that 
a  permeable  rod  when  spinning  in  the  earth's  magnetic  field 
will  develop  eddy  current  and  hysteresis  energy  losses  and  by 
this  method  remove  the  spin  energy  of  the  satellite.  In 
Fig.  5  is  shown  the  spin  rate  of  the  Transit  IB  satellite  as 
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a  function  of  time  after  launch.  For  the  first  seven  days 
the  satellite  spin  rate  was  reduced  by  means  of  the  despin 
rods  which  are  shown  in  Fig.  6.  On  the  seventh  day  a  timer 
caused  the  despin  weights  to  fly  out  from  the  satellite  and 
thereby  reduced  the  spin  rate  from  2.59  rps  to  0.08  rps. 

The  residual  spin  rate  was  then  removed  by  the  permeable 
rods.  Figure  7  Illustrates  the  spin  rate  decay  of  the  Transit 
2A  satellite.  In  this  case  the  entire  spin  removal  was  accom¬ 
plished  by  means  of  highly  permeable  magnetic  rods. 

After  the  satellite's  spin  has  decreased  to  the  point 
where  gyroscopic  torques  are  negligible,  magnetic  or  gravity 
gradient  attitude  control  can  be  put  into  effect.  One  remain¬ 
ing  problem,  however,  is  to  damp  out  the  oscillations  which 
will  surely  be  present  for  either  attitude  control  system. 

For  magnetic  attitude  stabilization  the  damping  of 
oscillatory  motions  can  be  accomplished  by  the  same  permeable 
rods  that  are  used  to  remove  the  spin  of  the  satellite.  A 
description  of  this  method  of  damping  of  oscillatory  motions 
is  discussed  in  the  sub-section.  Magnetic  Attitude  Stabiliza¬ 
tion  of  an  Earth  Satellite. 

A  method  for  damping  the  oscillatory  motions  of  a 
gravity  gradient  attitude  stabilized  satellite  is  discussed 
in  the  sub-section  Gravity  Gradient  Attitude  Stabilization. 

Magnetic  Attitude  Stabilization  of  an  Earth  Satellite 

A  satellite  which  has  a  large  magnetic  dipole  moment 
will,  like  a  simple  compass,  tend  to  align  itself  along  the 
local  direction  of  the  earth's  magnetic  field.  Throughout 
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Fig.  7  SPIN  RATE  AS  A  FUNCTION  OF  TIME  FOR  THE  TRANSIT  2A  SATELLITE 
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this  and  subsequent  discussions  we  shall  consider  that  the 
satellite  has  cylindrical  symmetry  about  the  axis  of  its 
magnetic  dipole  moment.  For  the  discussion  of  magnetic 
attitude  stabilization  we  will  make  the  quite  accurate  as¬ 
sumption  that,  at  the  altitude  of  an  orbiting  satellite, 
the  center  of  the  earth’s  magnetic  dipole  field  is  coinci¬ 
dent  with  the  center  of  mass  of  the  earth.  Based  on  this 
assumption  it  follows  that  a  satellite  will  orbit  about 
the  earth's  magnetic  dipole  axis  in  a  manner  analogous  to 
its  motion  about  the  earth's  spin  axis.  The  orbital  plane 
will  have  a  certain  inclination  with  respect  to  the  earth's 
magnetic  equator,  which  is  analogous  to  (but  different 
from)  the  inclination  with  respect  to  the  earth's  geographi¬ 
cal  equator.  The  major  difference  between  the  orbit's 
inclination  with  respect  to  the  magnetic  equator  and  with 
respect  to  the  geographic  equator  is  that  in  the  former  case 
the  inclination  changes  as  the  dipole  axis  revolves  about 
the  earth's  spin  axis,  while  in  the  latter  case,  the  in¬ 
clination  angle  is  virtually  constant  over  extended  periods 
of  time.  This  condition  results  from  the  fact  that  the 
inclination  of  the  satellite's  orbital  plane  and  the  in¬ 
clination  of  the  earth's  equatorial  plane  remain  constant 
with  respect  to  the  ecliptic  plane;  however,  the  inclination 
of  the  plane  of  the  earth’s  magnetic  equator  with  respect  to 
the  ecliptic  plane  varies  with  a  24  hour  period.  Since  the 
orbital  period  for  near  earth  satellites  is  short  compared 
to  a  day  (approximately  100  minutes  for  near  earth  satel¬ 
lites  as  compared  with  1440  minutes  in  a  day)  it  is  a  good 
approximation  to  assume  that  the  Inclination  of  the  satel¬ 
lite's  orbit  with  respect  to  the  plane  of  the  earth's  mag¬ 
netic  equator  will  remain  essentially  constant  during  z 
single  revolution .  The  validity  of  this  assumption  can  be 
analyzed  in  a  seml-quantitatlve  manner.  Since  the  earth's 
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magnetic  dipole  axis  makes  an  angle  of  approximately  17  de¬ 
grees  with  the  earth's  spin  axis,  there  Is  a  dally  variation 
of  ±17  degrees  In  the  inclination  of  the  satellite's  orbital 
plane  with  respect  to  the  plane  of  the  magnetic  equator. 

Thus ,  take 

1  -  inclination  of  the  orbital  plane  with  respect 

D 

to  the  geographical  equator  (degrees), 

and  1^  =  inclination  of  the  orbital  plane  with  respect 

to  the  magnetic  equator  (degrees). 

Then  the  relation  between  1  and  1  is  given  by 

m  g 

1^  =  ig  +  17  sin  (^)  t.  (6) 

Curves  of  i  as  a  function  of  time  for  three  ranges 
m 

of  value  of  i  are  shown  in  Fig.  8.  The  maximum  variation 
g 

in  occurs  at  integer  multiples  of  a  half  day.  Next,  take 

T  =  period  of  the  orbiting  satellite  (hours), 
then  at  12  hours  -1/2  T 

-1/2  T)  -  ig  +  17  sin  ^  (12  -  |)  ,  (7) 

at  t  +  1/2  T 

i^(12  +  1/2  T)  -  ig  +  17  sin  (12  +  j) ,  (8) 
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Fig.  8  ORBITAL  INCLINATION  WITH  RESPECT  TO  THE  PLANE  OF  THE  EARTH'S 
MAGNETIC  EQUATIA  AS  A  FUNCTION  OF  TIME 
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and  assuming  at  100  minute  period  orbit  yields 


1  (12  -  1/2  T)  -  1  +  17  sin 

m  g 


To  100  1 

12  (2)  (60^ 


1+17  sin  2.925" 
g 


1  (12  -  1/2  T)  =  1  +  3.62" 

m  g 


(9) 


similarly 


i  (12  +  1/2  T)  =  i  -  3.62°  .  (10) 

m  g 

Therefore,  the  maximum  variation  of  the  inclination 
of  the  orbital  plane  during  a  single  revolution  is  ±3,629. 

We  will  now  restate  the  assumptions  that  we  shall 
use  concerning  the  direction  of  the  earth’s  magnetic  field 
as  observed  at  the  attitude  of  an  orbiting  satellite.  These 
are : 

1.  The  earth's  field  is  that  of  a  magnetic  dipole, 

2 .  The  center  of  the  dipole  is  at  the  center  of 
mass  of  the  earth,  and 

3.  The  inclination  angle  of  the  orbital  plane  with 
respect  to  the  plane  of  the  magnetic  equator  does 
not  vary  appreciably  during  a  revolution. 

Based  on  these  assumptions  it  Is  possible  to  analyze 
the  motion  of  a  satellite  having  a  strong  magnetic  dipole 
moment . 
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First  consider  the  case  of  a  satellite  traversing  an 
orbit  inclined  at  0  degree  with  respect  to  the  plane  of 
the  magnetic  equator;  i.e.,  i^^  -  0  degree.  For  this  case 
the  satellite  dipole  axis  will  tend  to  align  Itself  parallel 
to  the  direction  of  the  earth's  magnetic  dipole.  If  the 
satellite  is  Initially  displaced  it  will  oscillate  about 
this  axis.  If  a  mechanism  for  damping  is  present  within  the 
satellite  this  oscillatory  motion  can  be  stopped.  The  per¬ 
meable  magnetic  rods  which  are  used  for  spin  removal  also 
provide  a  mechanism  for  damping  the  oscillations  of  the 
satellite . 

Figure  9  is  an  illustration  of  a  satellite  with  mag¬ 
netic  dipole  moment  M  displaced  by  the  angle  6  from  the 
direction  of  the  earth's  magnetic  field. 

This  satellite  also  contains  two  magnetic  damping  bars 
which  are  oriented  perpendicular  to  each  other  and  perpen¬ 
dicular  to  the  direction  of  the  magnetic  dipole. 

If  the  first  consideration  presupposes  that  the  damp¬ 
ing  is  negligible  then  the  torque  on  the  satellite  is  given 
by 


T 


-> 

M  X 


(11) 


and  considering  only  the  magnitude  of  the  torque, 


T  =■  JiH^  sin  0  (dyne-cm)  , 


(12) 
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Fig.  9  SATELLITE  WITH  MAGNFTIC  DIPOLE  MOMENT  AND  MAGNETIC  DAMPING  R(X)S 
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where 


M  -  Magnitude  of  the  satellite 's  magnetic 
dipole  moment  (unit-pole  cm)  , 

and 

-  Magnetic  field  intensity  (oersted)  . 


Let 

I  -  Moment  of  inertia  of  the  satellite  about  an 
axis  through  the  center  of  gravity  of  the 
satellite  and  perpendicular  to  it  (gm-cm^), 


and 

I  «  Moment  of  inertia  about  the  symmetry  axis 
2  2 

(gm-cm  )  . 


We  then  obtain  the  equation  of  motion 


d  Q 

I  ^  +  MH  sin  0 


0 


(13) 


This  equation  can  be  solved  for  small  values  of  9  and  yields 
the  familiar  result 


0  -  0  cos  2¥ft  , 

n  o  ' 

where  the  natural  frequency  f  is  given  by 


(14) 


(15) 
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Even  though  the  solution  of  Equation  (13)  will  not  hold 
exactly  for  large  values  of  0,  Equation  (15)  Is  a  good  ex¬ 
pression  for  the  natural  period. 

The  potential  energy  of  the  magnetic  dipole  when  dis¬ 
placed  by  an  angle  9  from  the  local  direction  of  the 
earth's  magnetic  field  Is  found  by  integrating  the  torque 
over  the  angular  displacement,  i.e., 

o 

E(9)  *  y*  MH^  sin  0d9  (ergs)  ,  (16) 

o 

which  yields 

E(0)  -  MH^  (1  -  cos  0)  (ergs)  .  (17) 

In  the  presence  of  damping, a  solution  for  0  Is  obtained 
in  the  form 

e(t)  -  0j^(t)  0^(t)  (18) 

where  6j^(t)  is  a  damping  function  that  approaches  zero  as 
t— »oo  ,  and  is  a  periodic  function  having  a  frequency 

defined  by  Equation  (15)  and  which  approaches  sin  2wft  for 
small  values  of  0.  This  damped  angular  motion  is  Illustrated 
in  Fig.  10. 

Due  to  the  demagnetization  effect  (Ref.  4),  only  the 
component  of  the  earth's  magnetic  field  along  the  length  of 
the  rod  Is  effective  In  magnetizing  the  rod.  This  component 
is  given  by 

H  -  sin  0  (oersted)  (19) 
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for  bars  oriented  In  a  plane  perpendicular  to  M,  and  by 

H  -  cos  0  (oersted)  (20) 

for  rods  oriented  parallel  to  11. 

Therefore  magnetic  damping  rods  oriented  perpendicular 
to  H  will  undergo  oscillations  between  positive  and 
negative  values  of  H  as  given  by  Equation  (19) .  The  rods 
oriented  parallel  to  H  will  have  the  magnetic  field  in¬ 
tensity  vary  from  to  cos  9  at  twice  the  oscillatory 
rate  of  the  satellite.  It  is  now  advantageous  to  examine 
the  relative  effectiveness  of  rods  oriented  perpendicular 
and  rods  oriented  parallel  to  M.  Assuming  a  value 

-  0.3  oersted  (which  would  be  typical  of  a  500  nautical 
mile  altitude)  and  an  oscillation  with  a  maximum  angular 
displacement  0  *  20  degrees  then  the  variation  in  H  for 
rods  perpendicular  to  iT  is  given  by 

H  -  0.3  sin  20*^  =»  0.105  oersted  ,  (21) 

that  is,  the  field  intensity  will  vary  from  +0.105  oersted 
to  -0.105  oersted  for  a  total  variation  of  0.210  oersted. 

For  rods  parallel  to  it 

H  -  0.3  cos  20°  -  0.282  oersted,  (22) 

that  is,  the  field  intensity  will  vary  from  0.3  to  0.282 
for  a  total  variation  of  0.018  oersted. 

Even  though  the  rods  parallel  to  M  will  undergo  a 
variation  in  field  intensity  at  twice  the  oscillatory  fre¬ 
quency,  the  magnitude  of  the  change  in  H  is  so  much  smaller 
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(0.018  compared  with  0.210)  that  the  energy  loss  per  cycle 
will  be  very  much  less  than  for  the  rods  perpendicular  to  M. 

It  can  be  easily  shown  that  the  energy  loss  per  cycle 
due  to  hysteresis  is  proportional  to  the  area  of  the  tra¬ 
versed  hysteresis  loop  (Ref.  3).  For  a  20  degree  oscillation, 
the  rods  perpendicular  to  ^  will  follow  a  major  (but  un¬ 
saturated)  hysteresis  loop  with  the  peak  value  of  H  varying 
from  +0.105  to  -0.105  oersted.  The  rods  parallel  to  li^  will 
follow  a  minor  hysteresis  loop  with  the  field  intensity  vary¬ 
ing  between  0.3  and  0.282  oersted.  Measurements  have  been 
made  for  permalloy  rods  having  a  length-to-diameter  radio 
(L/D)  of  248  under  each  of  the  two  conditions  described  above. 

As  a  result,  for  an  oscillation  amplitude  of  20  degrees,  the 
area  of  the  major  hysteresis  for  the  perpendicular  rods  was 
27.9  gauss-oersteds  compared  to  the  minor  hysteresis  loop 
area  of  0.08  gauss-oersteds  for  the  parallel  rods.  Even 
though  the  minor  hysteresis  loop  is  traversed  at  twice  the 
oscillatory  frequency,  the  hysteresis  loop  area  is  still  only 
0.16  gauss-oersted  per  oscillation  period  which  is  still  only 
1/2  of  1  per  cent  as  great  as  the  major  hysteresis  loop  area. 
Therefore,  for  damping  of  oscillations  of  a  magnetically 
oriented  satellite  we  would  only  employ  rods  that  are  perpen¬ 
dicular  to  M. 

For  a  single  permeable  rod  perpendicular  to  M,  the 
hysteresis  loss  per  cycle  of  satellite  oscillation  is  given 
by  (Ref.  3)  • 

E  -  ^  ^  HdB  (ergs/cycle)  ,  (23) 
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where 


V  «  Volume  of  the  rod  (cm’’) 


and 

^  HdB  -  Area  of  the  hysteresis  loop  (gauss-oersted) . 

If  there  are  N  bars  (each  perpendicular  to  and 
perpendicular  to  the  axis  about  which  the  satellite  is  oscil¬ 
lating)  then  the  energy  loss  per  second  is  given  by 


^  ^  ^  (ergs/sec)  , 


(24) 


where  the  negative  sign  is  taken  because  the  energy  is  de¬ 
creasing.  Substituting  the  value  of  f  from  Equation  (15) 
gives 


dt 


(ergs/sec)  . 


(25) 


Although  there  will  be  energy  loss  due  to  eddy  currents 
in  the  rods,  it  can  be  shown  that  for  the  comparatively  low 
oscillatory  rates  achievable  with  a  magnetically  oriented 
satellite,  the  eddy  current  loss  can  be  neglected  in  compari¬ 
son  to  the  hysteresis  loss  (Ref.  3). 

Experimental  measurements  have  been  made  on  the  hyster¬ 
esis  loop  area  as  a  function  of  the  peak  magnetizing  field 
These  results  are  shown  in  Fig.  11  for  a  permalloy  rod 
(47.5  per  nickel,  52.5  per  cent  iron)  having  an  L/D  ratio  of 
248.  From  the  experimental  curve  it  has  been  deduced  that 
for  this  material  and  L/D  ratio  the  value  of  6  HdB  is  very 
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nearly  proportional  to  the  cube  of  the  peak  magnetizing  field, 
that  Is , 

^  HdB  -  a  (gauss-oersted)  ,  (26) 


where 


a  -  constant  of  proportionally  having  the  dimensions 

2 

gauss/ (oersted)  . 

The  rod  characteristics  illustrated  in  Fig.  10  can  be  closely 

3  2 

approximated  by  setting  a  «  25.8  x  10  gauss/ (oersted)  . 

We  can  write  an  expression  for  the  peak  magnetizing 
field  along  the  permeable  rods  as 


H  =»  H  sin  0  (oersted)  , 
mom 


(27) 


where 


«  the  maximum  angular  displacement  from  the 
equilibrium  position  (degrees)  , 


then 

^  HdB  -  25.8  (10^)  sin^  0^  (gauss-oersted)  ,  (28) 


and  we  can  write  the  rate  of  energy  loss  as 


dt 


-3.23  NV 


ly-  (10^)  sin^O  (ergs/secs)  ,  (29) 

o  m 
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setting 


k  - 


3.23  NV 


mj3j 


(30) 


then 


^  -  ~k  sin^  6^  (ergs/sec) 


(31) 


If  we  rewrite  equation  (17)  in  terms  of  the  maximum 
angular  displacement  0^^  we  obtain 


E  (©  )  *  MH  (1  -  cos  0  )  (ergs) . 
'  m  o  m  ® 


(32) 


But 


d_ 

dt 


E  (e  ) 

m 


-]■ 


MH^  sin  0^  -~ 
o  m  at 


(ergs/sec) 


(33) 


Equating  equations  (31)  and  (33)  yields 


3 

MH  sin  0  — “  -k  sin'’  0  , 

o  m  dt  m 


(34) 


simplifying  and  separating  the  variables  yields 


-  d0_ 


m 


5 

sin^O, 


k 

MH 


dt  , 


m 


(35) 


-  30  - 


MfMO  fimKI  UMM10IV 


and  integrating  becomes 


Therefore , 


m 


m 


k 

o 


cot  0 

m 


k 

o 


(t)  + 


(36) 


(37) 


If  we  take  the  initial  condition  that  the  satellite  is  dis¬ 
placed  an  angle  6^  at  time  t  *  o,  then 


c 


1 


cot  0 

o 


and 


0jjj(t)  »  arc  cot  t  +  cot  0^) 

o 


(38) 


For  reasonably  small  values  of  0,  it  is  possible 
then  to  write  the  complete  solution  as 


e(t) 


arc  cot  (|^“  t  +  cot  0^)|  cos  2»ft 


(39) 


The  most  significant  portion  of  this  expression  is 
the  damping  term  which  is  quite  accurate  even  for  large 
angular  displacements  of  the  satellite  from  its  equilibrium 
position. 

Although  this  result  obtained  is  based  on  the  assump¬ 
tion  of  a  simple  cubic  relation  of  HdB  with  the 
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differential  equation  can  also  be  solved  for  a  general  poly¬ 
nomial  of  order  n  that  best  fits  the  experimental  curve. 

To  find  the  time  for  a  satellite  to  damp  down  from  an 
initial  peak  angular  displacement  of  0^  to  a  final  displace¬ 
ment  0^,  solve  Equation  (38)  for  t  which  yields 

MH 

t  -  “Y"  (cot  0j  -  cot  0^)  (seconds)  .  (40) 

For  the  Transit  3B  satellite  we  had  the  following 
constants : 

N  =  8  (effective  bars  for  oscillatory  damping) 

3  2 

a  «■  25.8  X  10  gauss/ (oersted) 

V  -  6.2  cm^ 

4 

M  -  7  X  10  pole-cm 
I  -  1 . 1  X  10®  gm-cm^ 

Therefore,  from  Equation  (30)  taking  H  “0.3  oersted  we  get 
k  “  6.09.  We  can  then  use  Equation  (40)  to  determine  the 
time  required  for  the  satellite  to  damp  down  from  an  initial 
displacement  angle  of  0^  “  90  degrees  to  a  final  angle  of 
0^  “  2  degrees.  This  gives  the  result  of  t  “  98,500  seconds 
or  roughly  1.1  days. 

Therefore,  for  i^  “  0  degrees  the  satellite  will  align 
itself  along  the  direction  of  the  earth's  magnetic  dipole  and 
the  oscillations  will  be  damped  out  in  a  reasonably  short 
period  of  time. 
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Next,  consider  the  case  of  a  satellite  traversing  a 
magnetically  polar  orbit,  that  is,  ~  90  degrees.  For  this 
case  W.  E.  Allen  (Ref.  5)  has  derived  expressions  for  the 
angular  displacement,  angular  rate,  and  angular  acceleration 
of  a  magnetically  oriented  satellite  relative  to  the  direc¬ 
tion  of  the  earth's  magnetic  dipole  axis.  These  three 
functions  are  defined  by 


arc  tan 


dt 


U3 


1  + 


3  tan  CDt  I 
_l-2tan^a)t_J 

_ 2 _ .1 

1  +  3  sin^ui-y 


(degrees)  , 


(radians/sec)  , 


and 


H- 

dt^ 


-  (if 


6  sin  2cut 


[1+3  sin  a)t 


(radians/sec^)  , 


(41) 


(42) 


(43) 


where  for  the  polar  orbit  the  magnetic  latitude  cp  is  given 
by 

CO  -  57.3  cut  (degrees)  ,  (44) 


where 


u)  -  orbital  angular  rate  of  the  satellite 
(radlans/sec. )  . 
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These  three  equations  are  plotted  in  Figs.  12,  13, and 
14  respectively  for  1/4  of  an  orbital  revolution;  i.e.,  for 
a  satellite  moving  from  the  ascending  node  to  the  north  mag¬ 
netic  pole.  These  results  show  that  a  magnetically  oriented 
satellite  in  a  polar  orbit  will  undergo,  on  the  average,  two 
revolutions  per  orbit  as  illustrated  in  Fig.  15.  These  re¬ 
sults  also  show  that  the  Instantaneous  angular  rate  of  the 
satellite  is  three  (3)  revolutions  per  orbit  (rpo)  at  the 
equator  and  1.5  revolutions  per  orbit  (rpo)  at  the  pole. 

However,  the  average  rate  over  an  entire  orbital  period  is  2.0 
rpo.  Another  result  of  this  analysis  is  that  the  angular 

acceleration  is  0  at  the  equator  and  at  the  poles  and  has  a 

2 

maximum  value  of  Soo  at  a  magnetic  latitude  of  26  degrees. 

2 

For  a  maximum  acceleration  equal  to  3to  a  rough  esti¬ 
mate  can  be  made  of  how  well  a  magnetically  oriented  satellite 
will  follow  the  dipole  field  for  a  polar  orbit.  To  accomplish 
this  it  is  necessary  to  equate  the  torque  acting  on  the  satel¬ 
lite  due  to  an  angular  displacement  from  the  local  direction 
of  the  field  to  the  product  of  the  maximum  acceleration  that 
the  satellite  must  be  able  to  follow  times  i.e. 

a  -  B*H_  sin  6  (dyne-cm)  ,  (45) 

A  lIlaA  U 

where  0  -  approximate  angle  by  which  the  satellite  will  be 

displaced  from  the  local  direction  of  the  magnetic  field. 

2 

Since  a  -  3(J0  ,  we  have 
max 

3  -  MH  sin  6  (dyne-cm)  .  (46) 

X  o 
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Fig.  15  MOTION  OF  A  MAGNETICALLY  ORIENTED  SATELLITE  IN  A  POLAR  ORBIT 
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For  a  450  nautical  mile  altitude  orbit,  again  take  H  0.3 

o  —3  ® 

oersted  (at  $  -  26  )  and  o)  «  10  radlans/sec.  For  the 

radiation  research  satellite  currently  being  designed  by 

Prof.  James  A.  Van  Allen  and  his  staff  from  the  State  Uni- 

go  3 

verslty  of  Iowa,  ->  4.4  x  10  gm-cm  and  M  «  2.5  x  10 

unit  pole  -cm. 

Solving  Equation  (46)  for  0  yields 


0 


arc  sin 


MH 

o 


(degrees) 


(47) 


and  putting  In  the  values  from  above  gives 


0  *  1.0  degree 


This  simple  analysis  gives  a  fairly  good  maximum  value 
of  the  angular  deviation  from  the  local  direction  of  the 
earth's  magnetic  dipole  field  if  the  natural  period  of  oscil¬ 
lation  of  the  magnetically  oriented  satellite  is  short  com¬ 
pared  to  half  the  orbital  period  and  If  the  satellite  has 
some  magnetic  damping.  The  natural  period  of  the  satellite 
is  given  by  the  reciprocal  of  f  from  Equation  (15),  i.e.. 


T 


(seconds) 


(48) 


For  the  radiation  research  satellite  this  yields  a  natural 
period  of  T  «  480  secs .  which  Is  quite  short  compared  to  a 
half  orbital  period  of  approximately  3000  seconds.  The  mag¬ 
netic  damping  of  permeable  rods  In  the  radiation  satellite 
is  equivalent  to  a  value  of  approximately  a  «  2  x  10  for 
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Equation  (26) .  This  is  sufficient  to  quite  rapidly  damp  out 
oscillations  of  the  satellite  about  the  local  direction  of 
the  earth's  magnetic  dipole  field. 

Fo  F.  Mobley,  of  the  Applied  Riysics  Laboratory,  has 
devised  a  means  for  obtaining  a  computer  solution  for  the 
attitude  of  a  magnetically  oriented  satellite  in  a  magnetic 
dipole  field  (Ref.  6).  For  this  purpose  a  mathematical  model 
of  the  hysteresis  loop  of  the  magnetic  damping  rods  was  em¬ 
ployed.  An  IBM  7090  computer  was  used  to  obtain  a  steady 
state  solution  for  the  angle  that  the  magnetically  stabilized 
satellite  deviates  from  the  local  direction  of  the  magnetic, 
dipole  field  of  the  earth.  Figure  16  illustrates  the  steady 
state  motion  of  the  radiation  research  satellite  for  a  mag¬ 
netic  inclination  of  90  degrees.  From  this  curve  it  can  be 
seen  that  the  maximum  value  for  the  angular  deviation  of  the 
satellite  axis  from  the  direction  of  the  magnetic  field  is 
somewhat  below  the  1.0  degree  that  was  obtained  from  the  sim¬ 
plified  analysis  of  Equation  (47).  Nevertheless  the  results 
of  Equation  (47)  and  the  computer  solution  are  in  very  good 
agreement . 

For  orbital  inclinations  between  0  degree  and  90  degrees 
the  motion  of  the  satellite  magnetic  dipole  axis  is  consider¬ 
ably  more  complex.  The  motion  of  the  satellite  for  magnetic 
inclinations  of  0  degree,  22-1/2  degrees,  50  degrees,  67-1/2 
degrees  and  90  degrees  is  shown  in  Fig.  17.  As  seen  from 
this  figure,  the  motion  of  the  magnetically  oriented  satellite 
axis  generally  describes  a  conical  surface . 

For  the  radiation  research  satellite  Mr.  Mobley  has  pre¬ 
pared  a  computer  solution  for  the  case  of  an  orbital  inclina¬ 
tion  of  50  degrees.  This  result  is  shown  in  Fig.  18  and 
agrees  very  closely  with  the  results  obtained  for  the  polar 
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Fig.  16  EQUILIBRIUM  ATTITUDE  STATE  FOR  RADIATION  RESEARCH  SATELLITE, 
6  -  ANGLE  BETWEEN  SATELLITE  MAGNET  AND  MAGNETIC  FIELD 

i  -  90  DEGREES 
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orbit  solution  given  in  Fig.  16,  but  does  yield  a  smaller 
maximum  deviation  in  6.  This  result  might  be  expected  since 
the  angular  accelerations  encountered  by  the  orbiting  satel¬ 
lite  is  a  maximum  for  a  polar  orbit  and  goes  to  zero  for  an 
equatorial  orbit. 

Another  interesting  result  that  was  obtained  as  a  com¬ 
puter  solution  for  the  radiation  research  satellite  is  an 
indication  of  the  time  required  to  damp  out  initial  angular 
displacements  of  the  radiation  research  satellite  from  its 
equilibrium  position.  In  Fig.  19  is  plotted  the  sum  of  the 
two  nodal  peaks  (which  are  apparent  in  Fig.  16  and  18)  as  a 
function  of  revolution  number.  For  the  case  of  an  84  degree 
inclination  the  initial  displacement  was  45  degree  and  for 
the  case  of  the  50  degrees  inclination  the  initial  displace¬ 
ment  was  approximately  3  degrees.  In  both  cases  the  oscil¬ 
latory  motion  of  the  satellite  was  damped  out  in  relatively 
few  revolutions  of  the  satellite  about  the  earth. 

An  important  consideration  in  the  design  of  a  mag¬ 
netically  oriented  satellite  is  to  have  the  residual  magnetic 
dipole  moment  of  the  damping  rods  small  compared  to  the  per¬ 
manent  magnetic  dipole  moment  of  the  satellite.  The  satel¬ 
lite  will  align  itself  so  that  its  total  magnetic  dipole 
vector  is  aligned  along  the  earth's  magnetic  field.  Since 
the  total  magnetic  dipole  moment  of  the  satellite  is  the 
vector  sum  of  the  dipole  moments  of  the  damping  rods  and  the 
permanent  magnet,  an  accurate  alignment  of  the  permanent  mag¬ 
net  axis  along  the  earth's  field  requires  that  the  effect  of 
the  permeable  rods  be  very  small. 

Another  factor  which  must  be  considered  in  producing  a 
satellite  whose  magnetic  dipole  axis  is  accurately  aligned  along 
its  symmetry  axis  is  that  electric  currents  within  the  satel¬ 
lites  may  produce  undesirable  magnetic  dipole  moments. 
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Figure  20  Is  a  photograph  of  the  Transit  IB  satellite 
having  its  magnetic  field  mapped  in  order  to  determine  if 
the  Interval  electrical  currents  and  the  magnetic  damping 
rods  would  cause  appreciable  discrepancies  In  the  alignment 
of  the  satellite's  magnetic  dipole  axis.  This  work  was  accom¬ 
plished  at  the  U.  S.  Naval  Ordnance  Laboratory,  White  Oak, 
Maryland,  In  the  Magnetic  Ship  Models  Facility.  The  results 
of  these  tests  showed  that  for  the  Transit  IB  satellite  the 
effect  of  the  permeable  rods  and  the  internal  electric  cur¬ 
rents  were  completely  negligible  compared  to  the  magnetic 
dipole  moment  of  a  permanent  magnet  located  within  the  satel¬ 
lite.  For  this  satellite  the  permanent  magnet  was  Alnico  V, 
cylindrical  in  shape  with  a  diameter  of  1.0  inch  and  a  length 

4 

of  4.0  inches,  thereby  producing  a  dipole  moment  of  4.0  x  10 
unit  pole-cm. 


Gravity  Gradient  Attitude  Stabilization 
of  an  Earth  Satellite 

It  is  well  known  that  a  satellite  with  dissimilar  mo¬ 
ments  of  inertia  about  its  principal  axis  will  tend  to  align 
itself  along  the  direction  of  the  gradient  of  the  earth's 
gravitational  field  so  as  to  direct  its  axis  at  minimum  moment 
of  inertia  toward  the  center  of  mass  of  the  earth. 

As  was  the  case  for  magnetic  orientation,  we  shall  only 

consider  those  satellites  possessing  cylindrical  symmetry 

about  the  axis  that  is  to  be  aligned  along  the  direction  of 

the  gradient  of  the  earth's  gravitational  field.  Therefore 

for  this  case  the  satellite  will  have  a  smaller  moment  of 

inertia  about  the  symmetry  axis  (I  )  as  compared  with  the 

z 

moment  of  inertia  about  the  other  two  orthogonal  axes  (where 
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Fig.  20  SATELLITE  MOUNTED  TO  MAP  ITS  MAGNETIC  FIELD 
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For  a  satellite  having  this  distribution  of  mass  the 
gravity  gradient  torque  Is  given  by  Refs.  7  and  8. 

Y  -  3/203^  (I^  -  I,)  sin  2X  (dyne-cm)  ,  (49) 

X  Z 

where  X  -  angle  between  the  axis  of  mlnlmvun  moment  of 
Inertia  and  the  direction  of  the  radius 
vector  from  the  center  of  mass  of  the  earth . 

Although  itfe  a  simple  matter  to  obtain  comparatively  large 
torques  by  making  the  value  of  very  large,  it  is 

nevertheless  difficult  to  solve  two  problems  that  are  asso¬ 
ciated  with  gravity  gradient  attitude  stabilization. 

One  problem  results  from  the  fact  that  there  is  no 
preferential  direction  for  the  alignment  of  the  axis  of 
minimum  moment  of  inertia  along  the  earth's  gravitational 
field.  That  is,  either  side  of  the  satellite  may  be  di¬ 
rected  toward  the  earth. 

The  second  problem  is  the  damping  of  the  oscillatory 
motion  (libration)  of  the  satellite  about  its  equilibrium 
position . 

Both  of  these  problems  can  be  solved  by  employing 
magnetic  devices.  A  system  for  obtaining  gravity  gradient 
attitude  stabilization  has  been  devised  which  relies  on 
initial  magnetic  orientation  of  the  satellite.  This  method 
for  obtaining  gravity  orientation  of  a  satellite  requires 
a  sufficiently  high  orbital  inclination  so  that  at  some  time 
in  the  satellite 's  orbit  it  will  pass  close  to  the  magnetic 
pole  of  the  earth.  Let  us  consider  a  satellite  orbit  that 
has  a  magnetic  orbital  inclination  of  90'degrees,  that  is, 
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it  passes  over  the  earth's  magnetic  pole.  The  procedure  for 
obtaining  gravity  gradient  attitude  stabilization  is  as 
follows: 

1.  After  the  satellite  is  launched  into  orbit  the 
magnetic  permeable  rods  are  used  to  damp  out  the 
spinning  motion  of  the  satellite. 

2.  After  the  satellite’s  spin  is  essentially  stopped 

a  boom  with  a  mass  at  its  end  is  extended  from 

8  2 

the  satellite  so  as  to  yield  ■  4  x  10  gm-cm 

and  I  5  X  10^  gm-cm^ . 
z 

3.  A  large  solenoid  within  the  satellite  is  then 
caused  to  have  current  flow  in  it  so  as  to  create 

5 

a  magnetic  dipole  moment  of  approximately  2  x  10 
dyne-cm . 

4.  This  large  dipole  moment  when  used  in  conjunc¬ 
tion  with  magnetic  damping  rods  will  cause  the 
satellite  to  be  magnetically  oriented  as  de¬ 
scribed  in  this  paper  under  the  sub-section  en¬ 
titled,  Magnetic  Attitude  Stabilization  of  an  Earth 
Satellite .  This  causes  a  particular  side  of  the 
satellite  to  be  directed  toward  the  center  of  the 
earth  as  a  satellite  passes  over  the  earth's  mag¬ 
netic  pole. 

5.  As  seen  from  Fig.  12,  the  angular  rate  of  satellite 
as  it  passes  over  the  magnetic  pole  is  1.5  rpo 
about  the  axis  of  maximiuii  moment  of  inertia,  I  . 

A 

As  the  satellite  passes  over  the  pole,  the  satel¬ 
lite  will  be  commanded  to  stop  the  flow  of  elec¬ 
tricity  in  the  solenoid.  Simultaneously  the  boom 
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with  the  mass  at  the  end  will  be  extended  so  as 
to  increase  by  a  factor  of  1.5.  This  will  cause 
the  angular  rate  of  the  satellite  about  the  axis 
to  decrease  from  1.5  rpo  to  1.0  rpo  which  is  the 
rate  required  for  a  gravity  gradient  attitude  sta¬ 
bilized  satellite.  When  the  boom  is  fully  extended 
we  will  have  6  x  10  gm-cm  . 

If  the  operation  described  in  item  (5)  above  is  per¬ 
formed  perfectly,  the  satellite  will  be  aligned  along  the 
earth's  gravitational  field  with  a  predetermined  axis  directed 
downward,  and  with  the  correct  spin  rate  (1.0  rpo)  about 
that  will  assure  gravity  gradient  orientation.  Oscillations 
about  the  equilibrium  position  will  result  if  any  of  the  follow¬ 
ing  conditions  are  present: 

1.  The  spin  rate  of  the  satellite  deviates  from  1.5  rpo 
before  the  final  erection  of  the  boom. 

2.  I^  after  final  erection  of  the  boom  may  be  slightly 
different  from  1.5  times  the  value  of  I  before 

A. 

the  erection  of  the  boom;  or  if, 

3 .  T?he  statellite  is  not  aimed  directly  toward  the  cen¬ 
ter  of  mass  of  the  earth  when  the  final  boom  erection 
is  made . 

From  an  engineering  point  of  view,  it  is  believed  that 
the  total  effect  of  these  three  sources  of  error  can  be  con¬ 
trolled  so  as  to  keep  the  initial  peak  value  of  the  angular  dis¬ 
placement  to  be  less  than  5  degrees.  To  reduce  this  angular 
displacement  a  device  to  damp  the  libratlon  motion  must  be  uti¬ 
lized.  The  permeable  damping  rods  described  in  the  sub-section 
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on  Magnetic  Attitude  Stabilization  of  an  Earth  Satellite 
cannot  be  used  because  they  damp  out  motions  relative  to 
the  earth's  magnetic  field  and  will  not  be  effective  for 
damping  the  llbratlonal  motions  of  a  gravity  oriented  satel¬ 
lite  . 

One  method  for  damping  llbration  has  been  proposed 
that  employs  a  viscous  fluid  that  is  caused  to  move  by  the 
opposing  motion  of  a  long  rod  mounted  on  a  flexure  joint  per¬ 
pendicular  to  the  extended  boom  (Ref.  11).  This  system  may 
cause  some  difficulty  since  the  forces  on  the  fluid  may  be 
so  slight  as  to  be  below  the  threshold  which  is  necessary  for 
any  fluid  motion. 

Another  system  for  damping  libration  oscillations  is 
based  on  the  use  of  an  eddy  current  damped  cylinder  mounted 
to  the  satellite  by  a  wire  having  a  very  small  torsional 
constant  (Ref.  12).  An  illustration  of  this  mechanism  is 
shown  in  Fig.  21.  The  axis  of  the  wire  is  oriented  parallel 
to  the  axis  about  which  the  oscillatory  motion  is  to  be 
damped.  Two  such  devices  with  their  axes  orthogonal  would 
be  mounted  in  the  satellite.  The  cylinder  will  tend  to  re¬ 
main  fixed  in  inertial  space  and  the  satellite  oscillating 
about  it  will,  by  means  of  a  permanent  magnet  rigidly 
fastened  to  the  satellite,  cause  eddy  currents  to  be  created 
in  the  cylinder.  -These  eddy  currents  create  a  damping 
action  (with  no  threshold  for  action)  that  tends. to  damp  out 
the  libration  oscillations  of  the  satellite.  To  be  most  ef¬ 
fective  the  permanent  magnet  should  have  shaped  pole  pieces 
so  as  to  maximize  the  gradient  of  the  magnetic  field  inten¬ 
sity  experienced  by  the  cylinder.  The  torsional  constant  of 
the  wire,  the  strength  of  the  permanent  magnet,  and  the  shape, 
moment  of  inertia,  and  material  of  the  cylinder  must  be  con¬ 
sidered  in  determining  the  optimum  damping  for  the  satellite. 
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We  will  now  calculate  the  maximum  torque  acting  on  a 

g 

satellite  under  the  following  conditions:  I  -  6  x  10 

2  7  2  —3  * 

gm-cm  ,  I  “  5  X  10  gm-cm  ,  co  *  10  radlans/sec . ,  and 
z 

0  =  45  degrees.  From  Equation  (49)  we  see  that  ”  825 

inax 

dyne-cm.  The  torque  for  an  angular  deviation  of  1.0  degree 
from  equilibrium  is  found  by  taking  0  =  1.0  degree  in 
Equation  (49).  This  gives 

-  =28.8  dyne-cm/ degree  displacement  from  0=0  degree. 

This  torque  should  be  sufficient  to  overpower  perturbing 
effects  such  as  the  interaction  of  the  earth's  magnetic  field 
on  the  magnetic  damping  rods  or  unbalanced  forces  caused  on 
the  satellite  by  radiation  ^ ruosure  from  the  sun. 

DAMPING 


Fig.  21  MECHANISM  FOR  DAMPING  LIBRATION  OSCILLATIONS 
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IV.  ATTITUDE  CONTROL  APPLICATION  OF  EARTH  SATELLITES 

The  Generation  of  Electrical  Energy 
from  Solar  Cells 

As  a  result  of  magnetic  or  gravity  attitude  control  a 
satellite  will  undergo  predictable  angular  deviations  of  the 
satellite  symmetry  axis  relative  to  the  earth-sun  line.  In 
Fig.  22  is  shown  the  angle  between  earth-sun  line  (sun  vec¬ 
tor)  and  the  symmetry  axis  of  a  magnetically  oriented  satel¬ 
lite.  The  case  shown  in  for  a  500  nautical  mile  altitude, 
circular  orbit  with  i^  -  67.5  degrees.  In  Fig.  22  two  par¬ 
ticular  cases  are  shown.  In  one  case  the  orbital  plane  of 
the  satellite  is  essentially  perpendicular  to  the  earth-sun 
line.  For  this  case  we  have  a  condition  where  the  satellite 
is  illuminated  100  per  cent  of  the  time.  It  can  also  be 
noted  from  this  curve  that  the  sun  is  shining  predominantly 
on  the  equatorial  region  of  the  satellite. 

The  other  curve  in  Fig.  22  is  for  the  case  when  the 
orbital  plane  contains  the  sun  vector.  This  is  the  case  of 
minimum  per  cent  sunlight  for  the  satellite.  At  an  altitude 
of  500  nautical  miles  this  condition  results  in  the  satellite 
being  illuminated  66.2  per  cent  of  the  time.  From  this  sec¬ 
ond  curve  it  can  be  seen  that,  for  minimum  per  cent  illvimina- 
tion,  the  symmetry  axis  of  the  satellite  undergoes  large 
variations  in  the  angle  that  it  makes  with  the  sun  vector. 

The  different  attitudes  with  respect  to  the  sun  that 
result  from  magnetic  (or  gravity  gradient)  attitude  control 
can  be  utilized  to  provide  a  more  satisfactory  system  for 
electrical  power  generation  from  solar  cells. 

Figure  23  Illustrates  the  Transit  IB  satellite  showing 
the  arrangement  of  solar  cells  and  also  showing  an  angle  a, 
between  the  satellite’s  symmetry  axis  and  the  earth-sun  line. 
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Fig.  22  ANGLE  BETWEEN  SUN  VECTOR  AND  SYMMETRY  AXIS  AS  A  FUNCTION  OF 
TIME  FOR  A  500  NM  CIRCULAR  ORBIT  -  INCLINATION  67.5  DEGREES 
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For  the  Transit  IB  satellite,  as  Is  the  case  with  most  solar 
powered  satellites,  the  power  generated  by  the  solar  cells 
is  a  function  of  the  angle  a  that  the  satellite's  symmetry 
axis  makes  with  the  sun  vector.  A  curve  of  the  output  power 
as  a  function  of  a  for  a  design  such  as  the  Transit  IB 
satellite  is  shown  in  Fig.  24. 

A  non-spinning  satellite  without  attitude  control  might 
dwell  in  a  position  such  that  the  angle  a  results  in  a  mini¬ 
mum  power  output  from  the  satellite.  One  Immediate  advantage 
of  magnetic  or  gravity  gradient  attitude  control  is  that,  es¬ 
pecially  for  the  minimum  sunlit  orbits,  the  angle  a  is  forced 
to  undergo  large  excursions .  This  results  in  a  "guaranteed" 
power  output  for  the  minimum  sunlit  orbits  which  is  based  on 
averaging  the  power  indicated  in  Fig.  24. 

Another  advantage  that  can  be  obtained  by  attitude  con¬ 
trol  results  from  the  fact  that  for  100  per  cent  sunlit  or¬ 
bits,  the  satellite  is  being  illuminated  with  the  angle  a 
close  to  90  degrees  .  When  the  solar  cells  are  mounted  on  the 
satellite  in  such  a  way  as  to  minimize  the  output  for  the 
angle  a  in  the  region  of  90  degrees,  the  problem  of  overcharg¬ 
ing  the  satellite  batteries  can  be  eased  and  with  careful  de¬ 
sign  the  problem  can  even  be  completely  eliminated. 

Figure  25  illustrates  the  solar  cell  electrical  power 
output  as  a  function  of  time  for  a  magnetically  oriented 
satellite  undergoing  the  excursions  shown  in  Fig.  22.  For 
this  case  the  satellite  solar  cell  configuration  was  such  as 
to  provide  an  output  as  a  function  of  a  as  shown  in  Fig.  24. 
The  net  power  generated  during  an  orbital  period  is  a  result 
of  integrating  each  of  the  two  curves  of  Fig.  25,  considering 
in  each  case  the  per  cent  sunlight  of  the  satellite.  The 
curve  of  Fig.  24  can  be  shaped  so  that  the  electrical  power 
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Fig.  24  SOLAR  CELL  OUTPUT  AS  A  FUNCTION  OF  ANGLE  B] 
SUN  VECTOR  AND  SYMMETRY  AXIS 
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Fig.  25  SOLAR  CELL  OUTPUT  AS  A  FUNCTION  OF  TIME  FOR  ONE  HALF  COtBITAL 
FERI(»),  FOR  A  500  NM  CIRCULAR  ORBIT,  INCLINATION  -  67.5  DEG»EES 
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generated  by  the  satellite  is  no  greater  in  a  100  per  cent 
sunlit  orbit  than  it  is  in  the  darkest  orbit  (66.2  per  cent 
illumination) . 

This  method  of  providing  electrical  power  for  the  satel 
lite,  so  as  to  be  relatively  Insensitive  to  the  per  cent  sun¬ 
light,  can  be  accomplished  easily  as  well  with  gravity  grad¬ 
ient  attitude  control.  For  the  case  of  gravity  gradient 
attitude  control,  it  is  reasonably  simple  to  calculate  the 
attitude  of  the  satellite  symmetry  axis  with  respect  to  the 
sun;  for  magnetic  attitude  control  the  calculation  is  con¬ 
siderably  more  complex,  but  fortunately  lends  itself  to  solu¬ 
tion  by  a  digital  computer. 

F.  T.  Heurlng  and  W.  E.  Allen  have  programmed  the  IBM 
7090  computer  to  provide  attitude  and  power  information  for 
a  magnetically  oriented  satellite.  The  result  of  a  typical 
calculation  is  shown  in  Fig.  26.  The  computer  provides  in¬ 
formation  as  to  the  satellite  symmetry  axis  attitude  with  re¬ 
spect  to  the  sun  (the  column  marked  "PSI"),  and  with  respect 
to  the  line  of  sight  from  a  particular  ground  receiving  sta¬ 
tion  (the  column  marked  "ALPHA").  By  programming  in  the 
solar  cell  power  output  of  the  satellite  as  a  function  of  the 
angle  "PSI",  the  computer  is  capable  of  integrating  the  power 
output  of  the  satellite  over  an  orbital  period.  The  end  re¬ 
sult  of  the  calculation  is  the  integrated  power  output  of  the 
satellite  over  an  orbital  period.  This  computer  solution 
makes  it  possible  to  design  magnetically  oriented  satellites 
so  as  to  raise  the  minimum  output  power  for  any  satellite 
orbit  to  as  high  a  value  as  possible.  This  computation  can 
also  be  used  to  predict  the  electrical  power  output  of  a 
satellite  that  has  already  been  placed  in  orbit. 

Telemeter  results  on  the  Transit  IB  satellite  have 
indicated  that  the  solar  cell  output  power  is  in  agreement 
with  that  which  is  calculated  for  a  magnetically  oriented 
satellite . 
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Regulating  the  Thermal  Balance  of  a  Satellite 

A  satellite  which  Is  essentially  spherical  In  shape 
and  which  has  a  constant  ratio  of  absorptivity  to  emlsslvity 
(a/e)  over  Its  surface  will  run  hotter  In  a  100  per  cent 
sunlit  orbit  than  it  does  in  an  orbit  of  minimum  per  cent 
illumination.  If  the  satellite  is  cylindrical  in  shape,  the 
ratio  of  cylinder  length  to  cylinder  diameter  and  the  proper 
selection  of  a/c  ratios  for  the  different  portions  of  the 
cylinder  can  result  in  a  curve  of  equilibrium  temperature  as 
a  function  of  the  angle  a  that  closely  simulates  the  power 
curve  shown  in  Fig.  24.  That  is,  the  equilibrium  temperature 
of  the  satellite  in  the  sun  can  be  made  higher  for  small 
values  of  a  and  substantially  lower  for  values  of  a  in  the 
vicinity  of  90  degrees.  A  result  would  then  be  obtained 
which  is  analgous  to  the  case  of  electrical  power  genera¬ 
tion  for  the  100  per  cent  sunlit  orbit  as  compared  with  the 
orbit  of  minimum  per  cent  illumination.  The  net  result  can 
be  a  satellite  that  actually  runs  colder  under  100  per  cent 
illumination  than  it  does  in  the  darkest  orbits. 

Directional  Satellite  Antennas 

A  magnetically  or  gravity  gradient  attitude  stabilized 
satellite  is  constrained  in  such  a  manner  as  to  provide 
known  angles  between  line  of  sight  from  a  receiving  station 
and  the  symmetry  axis  of  the  satellite.  This  result  can  be 
utilized  in  conjunction  with  directional  antennas  on  the 
satellite  to  provide  improved  communication  from  the  satel¬ 
lite  to  a  ground  receiving  station  and  also  from  a  ground 
transmitter  to  the  satellite. 
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Let  US  consider  a  satellite  In  a  circular  orbit  at 
a  300  nautical  mile  altitude  with  1^  -•  28  degrees.  Let  us 
also  consider  the  angle  that  the  symmetry  axis  of  a  magneti¬ 
cally  oriented  satellite  makes  with  the  ground  receiving  sta¬ 
tion  as  the  satellite  having  this  orbit  crosses  the  plane  of 
longitude  containing  the  receiving  station.  This  case  has 
been  plotted  for  a  particular  location  of  a  receiving  station, 
and  the  result  Is  illustrated  in  Fig.  27.  From  this  curve  it 
can  be  seen  that,  at  this  location,  the  satellite  presents 
a  nearly  polar  aspect  to  the  ground  receiving  station.  Further¬ 
more  the  polarity  of  the  magnet  in  the  satellite  requires  that 
the  same  face  of  the  satellite  is  always  directed  toward  the 
ground  receiving  station.  As  a  result,  special  satellite  an¬ 
tennas  can  be  utilized  to  improve  the  reception  of  radio  sig¬ 
nals  to  and  from  the  satellite. 

The  Transit  IB  and  2A  satellites  were  designed  so  that 
the  face  of  the  satellite  that  is  directed  essentially  downward 
at  high  latitudes  in  the  northern  hemisphere  transmits  left 
circular  polarized  radio  waves  and  the  other  hemisphere  pro¬ 
duces  the  reverse  polarity.  At  the  Transit  Development  Station 
01  at  the  Applied  Physics  Laboratory  a  test  was  run  to  deter¬ 
mine  if  the  Transit  2A  satellite  did  in  fact  orient  itself 
magnetically  so  as  to  provide  left  circular  polarized  radiaticxi 
when  it  was  observed  at  this  station  (Ref.  10).  The  experi¬ 
mental  configuration  at  the  Development  Station  is  shown  in 
Fig.  28.  The  results  of  these  tests  are  shown  in  Fig.  29.  The 
experimental  data  indicate  that  the  hemisphere  with  the  cor¬ 
rect  circular  polarization  always  resulted  in  improved  recep¬ 
tion  of  satellite  radio  signals.  The  result  of  this  investiga¬ 
tion  also  showed  that  the  satellite  is  magnetically  oriented. 

The  fact  that  for  some  orbital  Inclinations  the  attitude 
of  the  satellite  is  directed  so  as  to  provide  a  predominantly 
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Fig.  29  SIGNAL  STRENGTH  DEPENDENCE  ON  TYPE  OF  RECEIVING  ANTENNA 
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polar  aspect  of  the  satellite  at  some  receiving  stations  (as 
Illustrated  in  Fig.  27)  suggests  the  use  of  directional 
antennas  whose  Improved  gain  characteristics  could  enhance 
communication  from  the  satellite  to  the  ground  and  vice  versa. 
Particularly  if  signals  were  only  required  to  be  observed  in 
either  the  northern  or  southern  hemisphere  (but  not  both)  a 
3  db  gain  in  the  antenna  power  of  transmission  to  the  earth 
could  be  realized  by  radiating  from  only  that  side  of  the 
satellite  that  is  magnetically  directed  downward  in  that 
hemisphere . 

A  gravity  gradient  attitude-stabilized  satellite  offers 
obvious  advantages  in  improved  radio  communication  from  the 
satellite  to  a  ground  receiving  station  and  from  a  ground 
transmitter  to  the  satellite.  If  we  know  which  side  of  a 
gravity  oriented  satellite  is  directed  downward,  and  if  we 
transmit  all  the  satellite  radiation  in  a  region  that  covers 
only  from  horizon  to  horizon  on  the  surface  of  the  earth,  we 
can  obtain  considerably  increased  radio  signals  from  the 
satellite.  In  Fig.  30  is  illustrated  the  power  gain  that  is 
available  at  the  surface  of  the  earth  for  a  gravity  oriented 
satellite  with  a  directional  antenna  that  covers  only  from 
horizon  to  horizon.  For  this  case  the  power  received  at  the 
surface  of  the  earth  is  compared  with  a  satellite  producing 
isotropic  radiation.  The  power  gain  available  in  this 
manner  is  particularly  attractive  for  satellites  orbiting  at 
altitudes  greater  than  500  miles.  By  use  of  this  technique 
the  reduction  in  signal  strength  that  accompanies  operation  at 
a  very  high  altitude  can  be  almost  completely  compensated 
for  by  the  Increased  gain  of  the  directional  antenna. 
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Fig.  30  POWER  GAIN  AT  THE  SURFACE  OF  THE  EARTH  FOR  A  GRAVITY  ORIENTED 
SATELLITE  WITH  A  DIRECTIONAL  ANTENNA  COVERING  FROM  HORIZON  TO  HORIZON 
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Optical  Tracking  of  a  Flashing  Light  Satellite 

The  most  accurate  tracking  of  a  satellite  can  be  accom¬ 
plished  by  telescopic  observations  of  a  brilliant,  flashing 
light  mounted  on  the  satellite.  The  advantages  of  magnetic 
and  gravity  gradient  attitude  control  in  directing  a  particu¬ 
lar  axis  toward  an  observer  on  the  ground  applies  equally 
well  to  optical  observations  of  a  source  of  light  as  it  does 
for  radio  transmission.  One  immediate  advantage  of  magnetic 
or  gravity  orientation  is  that  a  particular  face  of  the 
satellite  can  be  directed  downward  in  a  particular  hemisphere 
of  the  earth  and  therefore  a  flashing  light  is  required  on 
only  one  side  of  the  satellite.  Furthermore,  particularly 
when  combined  with  gravity  gradient  attitude  control,  the 
beam  width  of  the  light  can  be  narrowed  so  as  to  provide  no 
greater  than  horizon-to-horizon  coverage  on  the  surface  of 
earth-  The  improved  intensity  of  the  light  as  received  on 
the  surface  of  the  earth  provides  better  observations  and 
also  makes  possible  flashes  of  shorter  time  duration,  thereby 
resulting  in  improved  tracking  accuracy. 


The  Performance  of  Scientific  Experiments  using 
Altitude  Control 

For  many  types  of  scientific  experiments  it  is  desirable 
to  know  the  attitude  of  the  satellite  relative  to  the  earth 
and/or  relative  to  the  sun. 

*  A  radiation  research  satellite  currently  being  designed 

under  the  direction  of  Prof.  James  A.  Van  Allen  of  the  State 
University  of  Iowa  will  employ  magnetic  attitude  stabilization 
to  determine  the  directional  properties  of  geomagnetic ally 
trapped  radiation.  This  type  of  orientation  Is  particularly 
useful  in  studies  of  the  Van  Allen  radiation  belt  where  the 
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particles  ar» believed  to  move  along  the  lines  of  the  earth's 
magnetic  forcse  field.  For  this  experiment,  radiation  counters 
will  be  employed  that  measure  particle  fluxes  along  particular 
directions  wJLth  respect  to  the  local  direction  of  the  earth's 
magnetic  fleSd.  Table  I  lists  the  type  of  experiment  to  be 
performed  in  this  satellite  and  the  orientation  of  the  detec¬ 
tors  relative  to  the  direction  of  the  earth's  magnetic  field. 

A  grav  ity  oriented  satellite  is  capable  of  conducting 
experiments  -where  the  directional  properties  of  radiation 
going  out  fr  oe  the  earth  or  going  toward  the  earth  is  of  inter¬ 
est  . 

As  pre  viously  shown,  a  satellite  with  magnetic  or  gravity 
gradient  att^itude  stabilization  has  a  controlled  and  predictable 
angular  aspact  with  respect  to  the  sun  vector.  This  fact  can 
be  utilized  in  the  performance  of  experiments  where  the  aspect 
of  the  sateMlite  with  respect  to  the  sun  is  a  necessary  attri¬ 
bute  of  the  experiment. 
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Studies  to  be  Performed  with  the  Iowa  State 
University  Radiation  Research  Satellite 


Instrument 


Detection  Feature 


Orientation* 


CdS  total  energy 

Protons  >  2  kev 

Electrons  >  100  ev 

Light 

e 

180 

CdS  with  magnetic 

Protons  >  2  kev 

e 

180' 

broom 

Electrons  >  250  kev 

Light 

CdS  total  energy 

Protons  >  2  kev 

Electrons  >  100  ev 

Light 

e 

to 

o 

0 

CdS  with  magnetic 

Protons  >  2  kev 

e 

90° 

broom 

Electrons  >  250  kev 

Light 

CdS  optical  monitor 

Light 

9 

- 

90° 

213  GM  counter 

Electrons  >  20  kev 
Protons  >  0.5  Mev 

9 

- 

90° 

Photometer 

Light  of  5577  A 

9 

- 

0° 

Magnetic  spectrometer 

GM  a 

Electrons  40-50  kev 

GM  b 

Electrons  90-110  kev 

9 

- 

90° 

GM  c 

Background  monitor 

Solid  state  detector 

Protons  1-10  Mev 

9 

90° 

Solid  state  detector 

Protons  10-30  Mev 

9 

- 

90° 

Solid  state  detector 

Protons  1-10  Mev 

9 

180' 

Solid  state  detector 

Protons  10-30  Mev 

9 

- 

180' 

4c 

Orientation  is  referred  to  the  magnetic  field  line,  with 
9  -vO^  being  the  downward  direction  in  the  northern  hemisphere. 
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The  Use  of  Rockets  for  Altering  the  Satellite  *s  Orbit 

If  an  orbiting  vehicle  has  rocket  power  for  propelling 
the  vehicle  along  an  axis  whose  attitude  Is  controlled,  It 
Is  possible  ;to  alter  the  shape  of  the  orbit  for  any  number  of 
useful  purposes.  This  would  be  accomplished  by  causing  the 
rocket  to  be  fired  by  ground  command  when  the  space  vehicle 
attains  a  particular  orientation  (Ref.  13).  A  system  of  mag¬ 
netic  attitude  control  would  be  particularly  desirable  for 
this  purpose  since,  for  high  inclination  orbits,  it  provides 
virtually  any  angle  of  the  satellite’s  magnetic  axis  with  re¬ 
spect  to  the  earth.  For  example,  as  the  satellite  crosses 
the  earth's  magnetic  equator  it  will  be  oriented  with  its 
magnetic  axis  parallel  to  the  earth's  surface.  At  this  point 
a  rocket  fired  along  the  direction  of  the  magnetic  axis  can 
be  used  to  either  increase  or  decrease  the  velocity  of  the 
space  vehicle.  By  selecting  the  time  <f  firing,  viz.  when 
perigee  is  at  the  earth's  magnetic  equator,  this  system  can 
be  used  to  increase  the  satellite's  perigee  altitude,  thereby 
resulting  in  a  more  circular  orbit. 

There  are  many  other  conditions  of  firing  rockets  along 
the  direction  of  motion  of  the  satellite,  or  firing  retro- 
rockets  which  can  be  used  to  shape  the  orbit  of  the  space 
vehicle . 
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V.  CONCLUSIONS 


The  use  of  a  strong  magnetic  dipole  moment  in  the 
satellite  in  conjunction  with  magnetic  damping  rods  can  pro¬ 
vide  alignment  of  a  satellite  axis  along  the  local  direction 
of  the  earth's  magnetic  field.  A  magnetically  oriented 
satellite  can  be  the  first  step  toward  orienting  a  satellite 
along  the  direction  of  the  gradient  of  the  earth's  gravita¬ 
tional  field.  The  condition  of  gravity  attitude  stabiliza¬ 
tion  can  then  be  realized  by  extending  a  boom  with  a  mass  at 
its  end  as  the  satellite  passes  over  a  magnetic  pole  of  the 
earth.  A  means  for  damping  the  libration  oscillation  of  a 
gravity  oriented  satellite  can  be  provided. 

A  satellite  whose  attitude  is  controlled  offers  many 
advantages  in  the  performance  of  scientific  missions  in 
space . 
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